We report experimental oscillator strengths for 88 Ti I transitions covering the wavelength range 465 to 3 892 nm, 67 of which had no previous experimental values. Radiative lifetimes for thirteen energy levels, including the low energy levels 3d
INTRODUCTION
Infrared stellar spectroscopy is becoming increasingly important with the advent of better infrared (IR) detectors on ground-based and satellite-borne spectrographs. However, at present the analysis of expensively acquired IR astrophysical spectra is restricted to the study of molecular bands and a small number of atomic transitions in the near IR. A significant restriction on the analysis is the lack of accurate laboratory determined atomic oscillator strengths in the IR. The need for accurate IR atomic oscillator strengths is particularly acute for the study of cool stars and brown dwarfs whose energy distribution peaks in the IR. Accurate oscillator strengths for specific neutral atoms are thus needed to determine fundamental properties, such as effective temperature, metallicity and surface gravity (Lyubchik et al. 2004; Jones et al. 2005a) .
The current laboratory atomic database for Ti I is particularly poor in the infrared. The longest wavelength spectral line with a measured oscillator strength is 1.06 µm (Whaling et al. 1977 ). In the wavelength region above 1.06 µm, the only available oscillator strengths are derived from the semi-empirical calculations of Kurucz (1995) . However, theoretical and semi-empirical predictions of oscillator strengths are difficult to calculate to the accuracy required for abundance determinations (uncertainty of 10 to 20 per ⋆ E-mail: r.blackwell@imperial.ac.uk (RBW) cent) especially for weak transitions that may be the only useable lines for the analysis of astrophysical spectra.
The most recent compilation of Ti I oscillator strengths is the work by Martin et al. (1988) , which includes the visible to near IR study by Smith & Kühne (1978) and Blackwell et al. (1982a Blackwell et al. ( ,b, 1983 . The Blackwell oscillator strengths were re-examined by Grevesse et al. (1989) who recommended that they be increased by 0.056 dex, or 14 per cent. Since then, Nitz et al. (1998) have published experimentally measured oscillator strengths with uncertainties of about 10 per cent for some even parity levels. Experimental lifetime measurements on Ti I have been carried out by Salih & Lawler (1990) ; Lawler (1991); Lowe & Hannaford (1991) and Rudolph & Helbig (1982) using time resolved Laser Induced Fluorescence (LIF). Despite the extensive work by Lawler (1991) , no experimental lifetimes have been published for the low lying levels, z 5 D
• j . However, transitions from the z 5 D
• j levels are some of the strongest features in the IR Ti I spectrum, and our new measurements have been carried out to obtain accurate laboratory oscillator strengths for these transitions.
The transitions measured in the current work are a selection of strong Ti I lines observed in the near IR that are of importance to the analysis of ultracool dwarf stars, as outlined in Lyubchik et al. (2004) . We have measured branching fractions for 88 lines from 465.777 to 3 867.179 nm using high resolution Fourier transform spectroscopy. To place the relative line intensities on an absolute scale, we have measured 13 level lifetimes using time resolved LIF and combined these with the branching fractions to yield 88 oscillator strengths, 67 of these being measured for the first time.
EXPERIMENTAL MEASUREMENTS
The oscillator strengths have been determined by combining accurate branching fractions with level lifetime measurements. The branching fraction, BF ul , for a transition between upper energy level u and lower energy level l is defined as the ratio of its transition probability, A ul , to the sum of the transition probabilities of all the possible lines from the same upper level:
where I ul is the photon intensity of the spectral line. The lifetime, τu, of the upper level is the inverse sum of the transition probabilities for all lines from the upper level:
The transition probability for a line is then defined in terms of BF ul and τu as:
We have used the branching fractions and level lifetime technique as outlined above to determine oscillator strengths; the experimental details are described in the following sections.
Branching fraction measurements
The Ti I spectrum was measured using two spectrometers: the visible to IR (1 800 to 25 000 cm −1 ) region was recorded at the National Institute of Standards and Technology (NIST) using the NIST 2 m Fourier Transform Spectrometer (FTS) (Nave et al. 1997) ; and in the visible to UV (15 000 to 30 000 cm −1 ) at Imperial College (IC) using the IC UV FTS (Pickering 2002) . The light source used for both the NIST and IC measurements was a water cooled hollow cathode lamp (HCL) (Danzmann et al. 1988; Learner & Thorne 1988) . A pure Ti (99.99 per cent) cathode was used in the HCL, with either Ar or Ne as a buffer gas, to produce a stable source for the Ti I emission spectrum. The optimum running conditions for the Ti HCL were found to be 100 Pa of Ar at a current of 500 mA, and 370 Pa of Ne at a current of 500 mA. To check for self absorption in the main high current measurements, additional low current measurements were recorded with a Ne buffer gas at 200 mA and at a pressure of 345 Pa. Branching fractions were determined using both the spectra recorded with low and high HCL current as discussed by Blackwell-Whitehead et al. (2005) . The branching fractions agreed to within the experimental uncertainties, indicating that no self-absorption was present. A summary of the spectra recorded is given in Table 1 .
The intensity of the Ti I spectra was calibrated using two tungsten intensity standard lamps; The IC tungsten lamp, calibrated at the National Physical Laboratory (NPL) in the U.K. over the spectral range 12 500 to 33 000 cm −1 (800 to 300 nm), has a minimum radiance uncertainty of ± 2.5 per cent (2 standard deviations). The NIST tungsten lamp was calibrated by Optronics the U.S.A., and has a radiance calibration uncertainty of ± 3.0 per cent over the range 1600 to 33000 cm −1 (6200 to 300 nm). Spectra of the tungsten lamp were recorded before and after each measurement of the titanium spectrum using the same instrument parameters. Further details of the intensity calibration are discussed by Pickering et al. (2001a) .
The most abundant isotope of titanium, 48 Ti (73.7 per cent, Rosman & Taylor (1998) ), was the major contributor to the Ti I line profiles. In Fig. 1 , the individual isotope component lines can be observed. The wavelength, intensity and signal-to-noise ratio of each Ti I line was found by integrating the intensity over the line profile and determining the centre of gravity using computer code XGREMLIN (Nave et al. 1997) . The calibrated integrated intensity was used to calculate the branching fractions as described by equation 1.
Lifetime measurements
The radiative lifetime measurements were carried out at the Lund Laser Centre (LLC) using time resolved LIF. The experiment has been described in detail by Xu et al. (2003) , and only a brief description is given here. The experimental apparatus consists of two laser systems, the first of which, a Nd:YAG, laser is used to produce free titanium atoms by laser ablation. The laser radiation has a pulse energy of 2 to 10 mJ and is focused onto a rotating titanium target located in a vacuum chamber that has a residual pressure of about 10 −4 Pa. The second laser system consists of a seeder injected Nd:YAG laser, a dye laser and a pulse compressor. The Nd:YAG laser in the second system produces pulses of approximately 8 ns in duration, which, after pulse compression, provides a 1 ns pulse. The output pulse is then used to pump a dye laser operating with a DCM dye. The output pulse from the dye laser is tunable in the region 610 to 660 nm and can be frequency-doubled or frequencytripled as required. The tunable range of the pulse can be extended by focusing the second harmonic or third harmonic of the laser into does such identification imply recommendation or endorsement by NIST, IC or the Lund Laser Centre. a The spectral range is the region over which the spectrum was intensity calibrated. b The KG3 filter is a near-IR short-pass filter.
a cell with hydrogen gas at 10 6 Pa to produce radiation of different stimulated Stokes and anti-Stokes Raman components.
The free titanium atoms produced by laser ablation move across an interaction area where the pulse from the second laser intersects the titanium atoms and induces fluorescence. The two Nd:YAG lasers are externally triggered so that the time between the ablation pulse and the interaction of the excitation pulse with the free atoms can be varied. The LIF is passed through a monochromator in order to allow only one transition from the excited level to be detected. The fluorescence from the z 5 D
• j levels was detected with an IR microchannel plate photomultiplier tube (PMT). All other levels have decay channels in the visible region and hence a visibleregion PMT was used. The photomultiplier signal is recorded on an oscilloscope with a real time sampling rate of 2 × 10 9 samples s −1
and then processed by a computer to determine the decay curve of the LIF signal.
RESULTS

Radiative lifetimes
The radiative lifetime, τ , was determined for each level by fitting exponential decay curves to approximately 20 measurements and taking the average. Of the 13 level lifetimes measured, two have previously published laboratory values (Lawler 1991), providing a comparison with our new measurements in Table 2 . The new laboratory lifetime values and the previous values by Lawler (1991) agree to within the experimental uncertainties of both measurements. For most of our new level lifetimes, the only previously available values for comparison are the semi-empirical calculations of Kurucz (1995) . For the z 5 D
• j , z 3 F
• j and z 3 D
• j levels, the comparison between experimental lifetimes and the Kurucz (1995) calculations agree to within a few per cent. However, for the higher energy levels the experimental lifetimes are up to a factor of 6 smaller than the theoretical lifetimes. Table 3 contains the branching fractions, BF, the transition probabilities, A, and oscillator strengths, log(gf), determined by our measurements. The new oscillator strengths are compared with semiempirical calculations of Kurucz (1995) and previous experimental data where available. In Table 3 , it can be seen that our experimental results and the calculated values for the stronger transitions agree to within ±50 per cent for the majority of the transitions. The Ti I wavenumbers, σ, in Table 3 have been calibrated using the accurate Ar II line wavenumbers of Norlén (1973) . The wavenumber calibration uncertainty in the Ti I wavenumbers is 0.005 cm −1 and agrees with the values of Forsberg (1991) to within the uncertainties of both measurements.
Branching fractions and oscillator strengths
Since Ti I has a complex energy level structure, transitions from a given upper level can extend from the mid-IR to the UV, but some of these transitions will be too weak to be observed in our experiment. To determine the contribution of weak, unobserved transitions, it is possible to use theoretical predictions to calculate a residual value (the sum of the transition probabilities for all unobserved transitions from a given upper level), e.g. the work on Fe II (Nilsson et al. 2000; Pickering et al. 2001b ) and Ti II (Pickering et al. 2001a) . For the branching fractions investigated in this paper, the residual values are about 0.1 to 3 per cent and are given at the end of each set of branching fractions in column 5 of Table 3 .
The uncertainty of the oscillator strength measurements is determined from the uncertainty in the level lifetimes and the branching fractions. The uncertainty in integrated intensities is determined from the intensity calibration of the observed spectra and the uncertainty in cross-calibrating the line intensities observed in different spectra. The uncertainty in the lifetime measurements is one standard deviation. The uncertainty in the oscillator strength is the sum in quadrature of the uncertainties for both the branching fractions and lifetimes.
It can be seen that our results are consistent with previous experimental measurements for both the weaker and stronger transitions. Of the previous 21 laboratory determined oscillator strengths in Table 3 , 16 agree to within the experimental uncertainties of both measurements. Although most of our measurements agree well with the oscillator strengths of Blackwell et al. (1983) that have been revised by Grevesse et al. (1989) , the four IR transitions from the z 3 D
• j levels measured by Blackwell et al. (1983) are 56 per cent (0.25 dex) weaker than our measurements. This may be the result of non-thermal equilibrium effects in the King furnace technique used by Blackwell et al. (1983) or an inaccuracy in the measured furnace temperature for the near IR oscillator strengths. It was noted by Blackwell et al. (1983) that these 4 lines gave a solar titanium abundance that was 0.15 dex (40 per cent) higher than the lines at shorter wavelengths, and they attributed this to blends in the solar spectrum. Although their values agreed well with Kurucz & Peytremann (1975) , the more recent calculations of Kurucz (1995) show much better agreement with our data than those of Blackwell et al. (1983) . Our oscillator strengths for the transitions from the z 3 D
• j levels agree with the calculations of Kurucz (1995) and to within uncertainties of the experimen- Kurucz (1995) tal measurements of Smith & Kühne (1978) and Blackwell et al. (1982a) . Therefore we believe that the near IR oscillator strengths of Blackwell et al. (1983) should be reduced by 0.25 dex.
Comparison with cool star spectra
The new Ti I oscillator strengths presented in Table 3 include transitions listed by Lyubchik et al. (2004) as important for the analysis of ultra cool dwarf stars. In total, five of the new oscillator strengths are listed by Lyubchik et al. (2004) as first priority transitions, thirteen are listed as second priority and three as third priority. In Fig.  2 , we show an observed spectrum of the M2 dwarf GJ806. The spectrum was acquired by Doppmann et al. (2005) using the NIR-SPEC instrument on the Keck Telescope and has a resolution of 17 000. The theoretical spectrum was generated by the WITA6 programme (Pavlenko 2000) , and used the NEXTGEN model structures supplied by Hauschildt et al. (1999) . The theoretical spectrum was computed with a wavelength step of 0.001 nm and convolved with a Gaussian to match the instrumental broadening. The Ti I lines identified in Fig. 2 have also been measured in the laboratory to determine accurate oscillator strengths, see Table 3 . The experimental values are the first laboratory determined oscillator strengths for these transitions, which are all identified as priority 1 lines by Lyubchik et al. (2004) . This prioritization is an indication that they are amongst the relatively few identifiable atomic lines that are predicted to be observable and suitable for the high precision analysis of cool stars and brown dwarfs. Whilst the Ti I lines are clearly the strongest features in the observed spectrum and are reasonably well fitted in Fig. 2 , it can also be seen that the continuum is rather poorly described. A better fit of the continuum would benefit from a line-by-line identification of the species responsible. In particular, scrutiny should be made of the large numbers of molecular water vapour lines expected to be present in this region as indicated by Jones et al. (2005b) . A detailed analysis of this observational spectrum, and others that we are acquiring in wavelength regions containing Ti I lines with experimentally determined oscillator strengths, will be the subject of a further paper (Lyubchik et al., in preparation) .
SUMMARY
Experimental oscillator strengths have been determined for 88 lines of Ti I in the visible and IR regions of the spectrum. Sixty six of these transitions have no previous experimental oscillator strengths. The uncertainty in the oscillator strengths is 10 to 15 per cent for the stronger transitions, and for all oscillator strengths in Table 3 the uncertainty has been reduced to < 25 per cent.
In the IR region λ > 1.0 µm, 50 new oscillator strengths have been measured, including those identified as high priority by (1978); (2) A section of an observed infrared spectrum from the cool dwarf star GJ806 is compared with a 3 400 K, solar metallicity, log(g) = 5.0 theoretical spectrum (3400/5.0/0) using the new water line list from Barber et al. (2006) , and computed from the model structure provided by Haushildt et al. (1999) . The three labelled Ti I lines are all ones whose measured oscillator strengths have been described for the first time in this paper. They are all denoted as high priority lines for the precision study of cool stars by Lyubchik et al. (2004) . Lyubchik et al. (2004) . We show that some of these features are readily identifiable in cool star spectra and are likely to be of substantial interest for measurement of effective temperatures, gravities and metallicities. It can be seen that oscillator strengths for transitions in the infrared region λ > 1.0 µm show a marked deviation from the semi-empirical calculations of Kurucz (1995) , which were the only available data for these lines prior to our work. Whilst theoretical calculations provide important data in regions of the spectrum where experimental data are not available, it is important to note that significant differences between theoretical calculations and experimental measurements do occur. In particular, for weaker transitions, caution should be exercised when relying solely on theoretical calculations for oscillator strengths. This is of particular importance for the analysis of cool stars and brown dwarfs where visible transitions are too weak to be of diagnostic value and oscillator strengths in the IR are required.
